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Abstract

Au intclligcmt robotic  architecture that autouolllously  sy~lt,hcsizes  goal-oricntecl  beliaviors,  while ccm-
ncctillg  sc]lsing al)d action in real- tirr)e,  is j)rcselltcd with applications to loosely definecl  planetary
sa~]lpling  missions. IIy the goal-oriented Jxhavicmj wc rncal) seclucnces of actions gcvlcratecl  froln
auto~natic  task monitoring ald reI)lal)nillg  toward set goals ill t}lc prescncc of urlccrtaintics  as well as
errors ant] faults.

‘1’his architecture is composed of pcrce~)tioli and action Ilcts intercollnectod  in closecl loo~)s. ‘1’lie
~xmce~)tio~) net,, rc~mescntecl as a hierarchy of features that can bc extracted froll) ~)l)ysical as well as
logical seILsors, ~natlages u]lccrtai{lties with scllsor  fusion, smsor  pla~lllil]g, allcl co~isisterlcy lllarilltc-
nancc.  ‘l’hc actiorl net, reprcselltecl  as a hierarchy of state transition in whicl] all the ~)ossiblc  systeln
bc]laviors  arc crnbecldcd,  generates robust a~ld fault-tolerant system bc]laviors  with orl-lillc ada~ltivc
task Illoliitoring  and rcpla~l[lirlg. ‘J’hc ~)roposed i~ltclligc)lt robotic architecture is sigrlificarlt for au-
tono~uous planetary robotic saln~)lilig - atld rc]atcc]  robotic tasks  ill ullstructL1red  envirorllncnt,s - that
recluire  robust ancl fault tolerant behaviors dLIe to expected utlcertaillties  as well as errors iu sensing,
actuatiorl, and environ rllenta] co~lstraillts. \Ve LM a typical  Mars ~)lallctary sarll~)li~ig scmlario to cva]-
uatc the proposed arcllitccture:  autono]nous  soil scierlcc where a robot arm trellchcs  soil to exa~ni~lc
and cle~)osit  soil S2LT[l~)lCS  to lander base’cl sciexlcc! il)strLll]lclltatioll.

kc:ywrmds:  l’erceptiorl Ne t ,  Actioll hTet, l~ltelliq,mlt  ILobc)tic  Arc]litecture, Goal- oricuitccl  llehaviors,
l’lalletary Sampling

1 Introduction
]Lobotic  systems aim at achicvi~lg  i~itcJliE;eIlce ill behavior ancl dexterity in lnotioll  throug}l  a real-till)c
c.ol)llecticm bctwccu scusi~lg allcl actiorl. ‘1’0 achicvc sLlclI i~itellige~lce a]lcl clcxtcrity  of~eli reqLlircs all
integration of clistributcd  scxisors  aud actuators, such that a rich source of se]lsory aIIcl lnovc~llellt
l)atter~ls that call be clustered into llighm levels of co~lce~)ts ancl actions caTi bc j)roviclcc]. ‘J’lIc  key to
successful i]ltegratic)li Illay bc a syste~fl arcllitccturc  that sLlpI)orts  corn I)utational  rccluircmlcl)l, s ullilque
to robotics, inclLlcJing uliccrtaillty  Tnal)agenie[lt aucl aclal)tivc  error recovery tllroLlgl) the illteractiorl
arl)ollg sLIch  processes as feature transforl;lation  and abstractio~l,  data auc~ concept fLlsioll[l, 2, 3, 4,
5, 6], consistency xnai~ltellarlce  atno~l~ clat a a~lcl k]low]cc]ge[7],  as well as monitori~lp; a}ld rcplal~i)i~)g,

In sl)ite of the fact that a dccacle of research al)c] cicvelol)lllent  irl robotics has prodLlcecl ~lulnerous
il)corctical  ancl exIminlcrltal  results, robots arc yet to accluirc tlic lcve] of illtclligcllcc  ar)cl clexterity
rccluired  for autonol[lous  task cxccLltio~\ ill ulistructureci  cllvirou~llc~lts. ~ollvc]ltiollal  ap~)roaches  for
bui]dirlg robotic syste]ns without urlclcrlyirlg col[l~,utatiot[al pritlci~)lcs of integrating scnsins,  kllo\vl-
eclgc, ant] action ill real-t,irilc seenl to sufkr  from tllc lil[litatioll  itl task coln~)lcxily  it ca~l hancl]e.
Shoulcl robot intelligence be ~ncasurcc] ill terltls  of a ~)ower-to-weight ratio, where the r)owcr  is defillccl
l~y tllc product of tllc colnl)lcxity alicl execL]tioll sjwccl c)f tasks  aricl the weight is clefirIccl  by t}le r)rocl-
uct of VOILIIIIC  a~lcl cost associated with tile rccluirccl hardware aucl sc)ftwarc,  a~~ orclcr  of Il)a,g])itL]clc  of
il]ll)rovclllcnt  in tllc power-to-weig]lt ratio scctlls lieccssary for tile llCW’ gellcratioll  of robotics. l~obot
il)tclligcncc  ~llay be lnanifcsted  by its cxtellcled aut,ollo~ny. Jlowevcr, tltc cxtellsioll  shou]cl  ILot silllI)ly
bc the result of aggregating aclclitiolial functio]lal  uuits,  WhiC]l may cause the recluctic)ll  of l)c)}vcr  or



power-to-wcig’llt ratio by increasitlg  space allcl tirnc colnplcxity.  It is ucmssary  to develop a syste~n
architecture that supports extended autonolny  without decrease in the power or power-to-w’eight  ratio.
AII architecture which clnlmcls  syste]n kILowlcdgc as well as a ge]leral  ~Jrobleln-solvitlg  i)aracliglll ill
itself may bc desirable.

l’]anctary  robotic science samplil]g  represents ill-situ  a[lalysis  and collection of surface ancl sub-
surface soil ancl rock salnl)les by robots, for the arlalysis of their chmnical  and rnilleral  cojn I)ositions
wit}l science instrulrrcnts  as well as for the nleasurelncnt  of their geological, rnccha~lical,  ancl thcrlnal
prc)~)crtics  with appropriate sensors. }tobots ellgagcd ill pla]letary  scie~lce sam~)lillg  (e.g., on Mars)
should be capable of auto~lo~nously handling and opcratiug  science i~lstru~[lents and sensors, trenching
allcl scooping soil, as well as ~nanipulatil]g,  drilling, cutting, ancl col]ectiug  rocks. }’la~letary science
salll~)ling robots arc rec]uired to carry out loosely clefinecl robotic ~nissions a~lcl tasks  to clcal with
uliccrtainties  from noisy and uncalibrated sensors, unex~)ected events from unknown cllvironmcnts,
system faults from possible hardware ancl software failures, and systc~ll constraints froxli the lilnited
resources ill power, weight, co]llputation,  sensirlg,  and actuation.

‘J’herefore, planetary science salnl)ling  robots shorrlcl  possess extended autonolny  wit])  the cal]abil-
ities of uncertainty rnanagcrncnt,  aclaptatio~) tc] ncw situatio~ls,  and fault tolerance. ‘lo provide the
rol)ots with extendccl autouorny  requires tllc itltegration  of a higl]  level of cliscrctc evcmt planui~ig and
a low level of continuous tilne  control in a hierarchy of lnulti-resolution time scales. Ilowevcr, such
illtegration  shoulcl be done under the limitation of cornputatiorlal  power atlcl tlLc recluircnnelit  of real-
time opcratiorl.  (~orlventioual  architectures for ilitelligeIlt  rc)botic systems, SUCI]  as tile subsurnj)tioll
architccture[8]  and Nasrer[l  arctLitecture[9],  do ~lc)t clircctly  address the problc~n of rcc]ucing ul)cer-
taiilties  as well as dealiilg with uncx~mcted evmlts  arid systc]n faults. llrthcrlnorc,  tile efficacy and
efficiency of illtcgratillg  plaaniug  aucl control in IIlulti-resolution tillle  scales arc yet to be conso]iclatecl.

II) this paper, an architecture of intelligent  robotic systellls, referred to here as GC)llS: Goal-
Orientccl IIehavioral  Synthesis, is ~)rcserlted  for J)la~ictary robotic sarnplit]g.  \Vhile co~lrlectirlg  sensing
at[d actiorl iu real-time, (2011S autonolllously  synt}lcsizes  goal-oriented behaviors or secluenccs of
actions toward the set goals u~ldcr urlcertainticsj  errors, and fau]ts,  t}lrOU~ll t a s k  rI]onitorir]g  arlc]
rcplanIliIlg.

GOIIS is significant for autouotnous  robotic tasks ill unstructured c]iviron]]~cnts,  illcludi~lg plane-
tary robotic sampling, which require robust and fault tolera]lt  behaviors uncler unccrtairltics  and errors
ill sensing and actuatiou as well as in cnviror)rr)e~ltal  co~lstrairlts. q’}lis  paper ~)rescrlts  the cletails of
GOIIS clcsigned and irllplerIm~itcd  for typical robotic sarllpling  sccl]arios on Mars: autollor[lous  soil
science where a rc)bot  arm trenches soil to exarlline arid deposit soil sa[n~dcs to la][clcr Lascd scier]cc
i~lstrllrllc:ltatioll.

2  GOEIS Architcctmw
GOIIS is composed of two major building blocks, tllc ~mccptioli  arlcl action  nets, intercon~lectcd irl
closecl loo~)s, as s}]owll in Fig. 1.

‘1’he pcrcel>tion  net connects logical scn]sors  or fcatui-es  of various levels of abstraction that can bc
idmltificcl by tltc given scnlsor system. 111 Fig. 2, tile logical sellsc)rs  or features that call be ex~racted
froln the J>hysica]  scrlsors, such as carllcra,  proximity sensor, arid tactile serlscm, arc organ iy, ecl ]Ii a
hierarchy, where tllc logical atld physical sensors are dcpictec]  resj)cctively  as rcctallgular arid cllir)tical
boxes. IIowcvcr, ill tllc perception net, the corl~lections bctweell lcgical  smlsors  arc furtllcr  elaborated
with t}lcir relationships i~l tei-]ns  of feature trallsforlllatiorl,  clata fasiorl, aucl collstrairlt  to bc satisliccl.
Por instance, Fig. 3 illustrates the Imrcel)tiorl net constructed fro~n  tile lc)gical scllsor systcln  of l~ig,, 2,
as follows: ‘1’lle surface-orientation feature lnay be cletermi Tied I.)y  tllc clistancc-to- surface logical serlsor
trasecl on feature transforlnatioll. ‘1’lle salnc surface-orientation feature Inay bc rtleasurecl  clirectly by
the tactile sensor, such that t})c feature can be final izec] by fusing the two sources of ciata,  orlc fro~n
the clistallceto-surface logical scrlsor arid the other froln the tactile sensor. l~y the saTtie token, the
llolc-qI)-~Jositic)~~  feature can be dcterlnitlccl by fusing t]ic tacti]c  se]]sor  outJmt  allcl the result  of feat arc
tra~isfc)r~[latio]l  from the hole-21)-J~ositic)Il, surface-c,ricrltatio~l, arid clista]lcc-to-surface logical scILsors.
Ihrthcrlnorc,  assu~nillg two boles of tllc known relative clistfillce, tllc two llolc-sl)-l)osi  tioll features
shoulc]  IN constrained by the krlowll  relative clistance.

111 gcnleral, tllc Jm-ccptiou  IIct is for~necl by tllc illtercollrlcct,ic,~l  of lc~gical arid J)]lysical  s e l l s . o r s
with tllrcc  tyJ)cs of rnoclu]cs:  feature trallsforlnatiol}  Inoclu}e  (F”l’h!), clata fusion Inociu]c (l)l~h!), and
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Figure  1: ‘1’wo Major IJuilciing Block, l’ercel,tiori Net al,d Actioll Net, of GOllS

constrai~)t satisfaction rliodulc  (CSM), as showII schematically by l’ig. 4. Au F’1’M transfor~l]s  i] set
of lJrin]itive  features irlto a more abstract a~lci a higher level of feature. A I)Fh4 takes  ]nultip]c  data
of a feature to generate an optimal est,irnate of the feature. A  l)FM ~nay rc])rcscut either s~,atial
or tc]npora]  data fusio)~: for the spatial data fusion (S-l)  lPM), data are froln tllc si~lglc rcadir]~;s of
IIlultiplc  sensors,  while for the tcml]ora]  data fusion (t-l )l~hf), data are from the rt\ultiJdc re,adiuss of a
single se~lsor. F;acll 1)1+’M  ~nodulc is respollsible  for determirlirlg  whic]l irlr)ut data are valid for fusiorl
at the currcrlt  sensor configuration. A C,Sh! rcprcscrlts  systwil  krtowlcdgc  which imposes a constraint
uporl a set of feat, ure values.

‘J’he OUtpUt  of cacll logical serlsor is a tu~)lc re~mcsentirlg  the curreut  cstilnates of corrcspot,dilig
feature value and its u~lcertaixity lIicaisure,  al)cl is regarded as tltc curreut  state of tllc scusor. ‘J’hcri,
thcllet statcisdcflncd  ~tllccollcctio~ lofthestates ofil~diviclual logical sc1lsors.  ‘1’hcl~et isopcrated
irl such a way that astatc change at alogicalsclisor IJrollagatcs to adjacerlt  IOgicalscrlsors, triggering
achainof state chat~gcs throughout thenet. For exarn}>lc,  the state of alog,icalselisor  cm be upclatccl
by fusiug its curre~,t  state wit}i a ~]cw reaciillgfroru  I’rl’hl tllroug], t-l)l~hl,  as sc}lelllatically  dc~,ictccl
ill Fig. 4.

Note that the propagation of state cha~lgc is bidirectio~lal,  forward aucl backwarcl, SUC},  t}lat the
net auto~natical]y  rrlJdatcs,  and l]lairltaius  the consistency  of, its state Ilot o~lly throug]l  the forward
Imopagation  of state chat]ge  but also through tllc backwarcl  I)ropagatiorl of state errors to satisfy colI-
straints. in Fig. 4, the backward signal propag;atiorl  is explicitly rel)resc]lted by feedback co~l~lect,iorls
frcrrn CXMS  to tl,c corrcsporldil,g  Inodules (refer to the detailed litles).

‘]’lie  biclircctior~al  charlge  of net state can bc ilnplcrnerltcd  either by distributed cornputatiol]  or
by uet dynalnics,  as dcscribcd  irl Sec. 3. ‘J’llrougb  tllc biclircctiollal  state updating ~mocess,  the llct
I)rovidcs  not only the reduction of urlccrtaintics  but also the IIlonitorillg  of errors arid faults, based
011 wllicb clccision-makil]g  and rcpla~lnillg  take l)lacc irl the actio~l ~Ict. ‘J’he lmrccl)tioIl  rlet l)reserlts  a
for~na]  yet, general arcllitccturc  for se]lsor fusion and l)larining. ‘J’llat is, the net  cari also be used for
curbing ullccr~ainticx  basccl ou active ]Ilociificatic)n  of sc~lsillg I)ararlleters  tliroug]l serlsor  ~)lanui[lg.

‘1’hc  actioll  t~ct cousists  of a hierarchy of state transition rlet}vorks  of lnulti-rcsolutiol]  tirl~e scales,
as S] IOWII in }~ig. 5. More precisely, tllc rlet rcl)rcscllts systelu  ciy]lal[lics ill rurriti-resolutiorl  ti~lie scales
rangirlg fro]n continuous tiluc to ciiscretc  cveut ciyllalnics, wlicre  arl actior] of a higher level of Ilicrarclly
is reprcsmtecl  by a state t,rausitioll  rlctwork  of a lower icvel. ‘J’llc uet cv[lbccls all tllc feasible systcln
be]laviors  in various levels of abstractioli.  q’llis ailc)ws the systcrt)  to rc-l)larl arlcl control  its bcilaviors
eflicicntly  towards the set goals tilrough  ti]e fceciback of errors, faults, al]ci ullexlwctcci  evcrlts  to tlic
various lcvcis of action hierarchy,

‘J’hc action net  cau be i]lter~)reteci  irl arl arlalogy to linguistics, ‘J’lIc systcrtl bc])avic]rs  tl[at  earl
be generated by the actio~l IIct are equivalmlt to tile smlterlccs  t}lat car! be geIlcratcci  by tllc give~l
vocabularies aricl grarut LLar of a lallgua~,e. A1,ldyillg r,iarlllillg anti corltrol to tllc actio]l llet to gcueratc
a goal-orielltcci  behavior  for tile F,ivcu  task is cqllivalcllt  to scarchiu.g  for a scqucIIcc  of grarnrmat][cal
rules to gel]crate  a sclltcncc  of particular Illcaning. lrl this sclise, tile action  rlct is ciesigilcci to err]bcci
ail tile feasible behaviors of the systeL[L frolIL whicil a I)articuiar  goal -oriclltcci Lc}lavior call be scarc}lccl
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Figure  2: A schc~[latic il]ustratio~l of a logical sc~lsor systc~n.

for through planning and control.
ln sa]nlnary,  GO}lS car] be considcrcxl  as a comprrtatiorla]  krlowledge  base where concc~)ts  a r e

understood by the systrxn  through their illtcrcollrlcctiolls  and cor]llJLltatiollal deIJcrlclellcies.

3 Unccrtaint y M anagcment
OIie of the main  features of GOl\S  is the capability of Ullcertaillty  rnarlagcIncrlt  through its architec-
ture.  ‘1’hc  reduction of unccrtaillties  xnay co]nc fro~n data fusiorl and ccJ1lstraitlt  satisfactioll  as well
as fro~n sensor plan] lirg. ‘1’he  processes of data fusion arlcl corlstrairlt  satisfactiorl  occur whm  the net
charlges its state fro~n one equilibrium to aliothcr  through the forwarcl and backward pro~)agation. “J’hc
sensor lJlarlrlirlg occurs whe]l the clcgrcc of urlcertai~lty  of a state warrarlts  aclclitiorlal data collcctiorl
with new sensing parameters.

3,1 lJncmtainty Representation

‘J’hc utlccrtairltics  of lc)gical sensor outputs arc due to tllc rarldorn  rloise  arlcl biases irlvolvccl il~ lllca-
surer  nellt data as well as clue to the biases irlvolvec] irl rlloclelirg feature tra~lsforr l)atiorls, Firstj  the
uncertainticx  clue to IIoisc arc considcrccl. ‘1’hc urlcertail~tics due to biases are liarlcllecl i]) the later
scctiorl corlccrrlillg the error recovery through calibration.

Although Gaussiarl  rarlclorllrless  of noise as well as inde}mclency  of data rncasurerrlcmts  are as-
SUII]CCI  irl selisillg, the rloisc  itlvolvcd ill a logical scusor outj)ut  ~nay not be Gaussiatl  clue to possible
IIonlillearity  in fcatur-e tralisforrnatiol),  For convellicllce,  however, we assuI1lc  t}lat Iloise is bout ldecl by
all unceriail~ty  hyl~er-volume  or error cllipsoicl, allcl that the size of error ellipsoid is srllall c~lough  for
a goocl linear  al)proxirnat,ion of tile nonlinearity arou~lcl tllc llolilitlal  ~mint in feature transforlnation,
l~or~[)ally,  we re~mscnt  the ullcertaillty,  dr, of a net variable, r, as arl ellilmoicl of the followinp;  for~tl:

wllcrc PVT rc~)rcscllts  a sylnInctric  weight rllal, rix clcterl[iillirlg the si~e ancl sllaI)c of tllc elli~)soicl

3.2 LJnc.crt,ainty Propagation
‘1’he uncertairltim  prol)a?,atc ill the lJercel,tion Ilct t}lrougli the irir)ut-output, relationsllil]s  of }“1’hf  aad
1)1’hl  II1O CILI1C S, as we]] as tllrc)ug]l the co]mtrai~lts dcfi]tcd hy csh~  IIIOC]UICS, Jmt us first clefiIIc tile
rnaI)I)illg rclatir)nshir)  t)ctwecl~  tl]c irl I)ut vector, r, and tile output vector, <y, of a H’hl or a l)l~M by

rJ : j(r)],) (2)

w]lere p represents a I)arallleter  vector associated with tllc rl)oclu]c (wllicll may he srrl.)ject to control
for sclwor l)la~)ni]lg,  if allowccl). ‘1’llet,,  tile uricert ai~lty J)roI)agatio~,  through (2) call IN aI)I,roxirllatcd
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as tllc first order Jacobian  relationshi~) wit}) t}le assurn  I>tio~l that f is smooth ancl dx is snlall,  as
follows: afy+ dy= j(x -i dI, P) R .f(z, P) + ~l;Ax (3)

‘1’hcrcfore,

dy N ;:dr = ~(z,~))dz (4)

where .l(x, p) represents the Jacobian relatiolwllip  bctwccn dy ailct  dt:. ‘J’he  uncertai]lty  of r, rcl)re-
scntcd  as at! error  elli]~soicl of (1), can now be lJrol Jagated to the uncertait)ty  of y, rcI)rescllted as an
error ellipsoid ill tcrllls  of dy, through (4). Ily sutxtitutillg dz =- J+ (z, p)dy, obtained  froln (4), to
(l), we have

dyt(J+ )tWcJ+ dy <1 (5)

wllcrc  ~+ represents the pseudo-i[lversc of J. };q. (5) call be rewritten as

cly~ Wydy <1 (G)

wl)ere the symmetric weight matrix, W’v, is dcfinccl as IVY > (J+ )tI+’z J+ . I;q. (6) is of the sa~llc form
as (1 ). ‘1’hc forward propagation of uncertai~lt,ies  toward the modules of a hig}lcr level of llicrarchy  can
be done with the ~mo~,erly dcfinccl wciglLt ~natrices of their in~mt vectors. in the case w]lcre the in~)ut,
z, of a ~Ilodule  is conlposed of two or more vectors, xl a~lcl X2, with their rcspcctivc  weight IIlatrices
defillcd as W’rl a~ld 14’f., the weight lnatrix, Wz, of x call be s~mified hy coll]hi[litlg the illdiviclual
weight Inatriccs  Wrl arid VVrj,  as follows:

[

IwoW, = ;1
w,, 1 (7)

IVY is a function of z and p, since J is a function of x a~ld p.

3 . 3  I’orward and Ilackward l’ro~}agation . .
‘J’he forwarcl  propagation of i~lput  data, (xi, WX, ), i= 1,... ,In, through F’I’M is straightforward once the
input-output relationship of }1’!t’itf is .givcll: the out~)ut of F“I’M, (y, WY), can he ohtaimd dircctb frolll
(2) a~ld (6). Sillce l)FM  cat, bc represented by arl i~,put-out~)ut  relationship), tlie forward proJ)agation
t h r o u g h  l)l~M can also bc clone with (2) ancl (6). q’he in~~ut-out~)ut  relatio~lshil~ of I)Y’M call be
clerivccl fro]n  one of the exist it~g data fusion Iucthocls[6].  llowevcr,  we present here a Ilcw gco]nctric
Inethod  of data fusion to take into corlsidcration  tllc clli~)soiclal bouild  represcntatioli  of ul)certailltirs
aclo~)tccl llcre.

Por silnplicity,  co]lsider  the two measurelllent,s,  x]n, and x2,,,, d e f i n e d  resrmctively  i~l tllc t w o
Illeasurct!ie]lt  space, XI allcl XZ, where their ullccrtainty  t)ounds are defillecl try tllc \veigllt lllatri-
ces, Wxlo, and IYX,,,,, rcsI)cctivcly. ‘1’he pro~>osed gcolnetric  data fusion lnet}lod starts with clefim
ing the auglnented  s p a c e ,  z, z =- (x,, X2)7”,  such that t},e lneasurc,,,e,,t  data, (x,,,,, \lJXlr,,) a n d
(X2,,,, WX2,,, ) are rcprcsel)tcd  in an auglnm,tcd  sI,ace as (z,,,, W’z,,, ), wl,cre z,,, = (Xl,,,, X2,,, )7’ a,id
Wz,j,  = lJiag[bVX ,“,, Wx2n, J. ‘1’he:I, tlie ~~robleln of fusirlg (xl,,,,  WX1,,, ) arid (X2,,,, WX,,,L)  is ecluivalcllt
to fine] a ~Joint, y, on the collstralnt  Iilanlfolcl, xl - X2 : 0, ddirlecl itl the 7, s~)ace in SUCII a way that the
weight ccl  ctistalice between y alld z,,, , or ~ Ily - Z,,L Ilw=,,, is lIlillitiluti~. O1icc WC nave all equation for y
ill ter]ns  of (X17,1, W’xlm,  ) and (x2,,,, WX,r,,  ), WY call be obtained based oll tile unccrtaillt,y  I)rol~agatioll
lt)cthocl dcscribccl  by (2 - 6).

A S a result, the out~)ut,  y, of l)}~M with x1 arIcl X2 as its inr)uts earl tJc dcter~llilied as the vector
that lninirnizes  >;~[ly - Xi[l\$,Xt , as fc)llows:

y  =  (Wx, -/ WX,)-l(IVX,X] -} WX,X2) (8)

‘J’lle u~lcerta.il[ty bou)lcl, WY, assc,ciatecl

JVY = [AA7’ +

wit]] y can he obtained by al~J,lyil\g  (4)(5)(6) to (8):

}JJ~7’]-  2[AWX,A7’ -} }IWX2]]  2’] (9)

wllcre A $ [Wx, -I WX,]- 1 W’x,

1) $ [Wxl + Wx,]’  ‘Wx,



hTotc that (8) is of the same forln to the ~Ilaxilnurn Jlaycsia~l  postcriori  probability with tile Gaussiau
assulnI)tion  of Iloise.

‘1’hc  backward propagatio~i  process starts with a CSh4. l~or instance) consider that ttie two logical
se]lsor  outJmt  vectors, x ancl y, arc co~lstraincc]  by Ax -I IJy =- c. C,Shf evaluates wlletller  tllc current
csti~natcs,  xf and y~, of x ancl y froxo  the forward process satisfy tlm givml colistrai]~t. If not, CEM
u~)clatcs (xj,ll~~,) and ( yf ,  PVYf),  where I’VXt and PVYf  arc the wciglit nlatrices  associated with xj
ancl Yf, respectively, into (X~, PVXb) and (Y6, PVY~)  iu such a way that x~ a]lcl yb satisfy tlic constraint,
‘J’hc dcn-ivation  of a n~athc~natical  forlnula  for t}lis process is satnc as that of l)lrhf:  the co~lcel,ts of
~Sh4 aucl l~}~hlcanbcuniflcd  ullder theprolmec]  gcomctricm cthodof  c]atafusiorl.

‘Jo SIIOW this, let us first defi~lc the augtncvlted s~)acc z with x allcl y, z = (x, y) T ’. ‘J’} IcII, tile
constraint of ~Shl cau bc rcprescntecl as a ~nallifold in the auglllcutecl s~)acc. lllrthcrlilorc, (xf ,bl~xf)
ancl (yf, iVYf) can be r ep re sen t ed  iu the auglncrltcd  si)ace as (z\, 14’z, ,), with Zj = (xf, yj)q’ al\cl

PV2,J  = l}iag[PVX,,  PVYj].  IPirlally, bysclcctil)g  a vector, z~, ZL = (xb, Y~)7’,  on the collstraiut n~allifOld
i~l such a way that the weighted distance froln m to zf, ~[lzb – Zj[lw,j  , is ~llirlimulll, wc can obtairl

(x~, w’~,) and (y,, PVYb),  as follows:.
M i u  ~llz~ - Zflllv=f wit}] ~b on the constraint  manifold  irn~)lics h~in ~(llxb - xjllwX, ) -+ l[Yb -

Yj II WY, Wi~hAX~~  }]Y6 =- C.  SiIICC! yb L B-l(c--Axb)  o r  xb = A - l (~ -  ~lyb) C)* I t]lC CC)IISLrFtiIlt

~nanifold, Min +(]]xb--xj]lwxf  -l[/yb-yf[lwYf)  With Axb+l~Yb =  Ccan  IN W)rcssed  iu the%  SPa~c

as Miu ~(]lx6-XfllWX,  -i [III- l(c - Axb)--  yfllwY, ), or in thCYb s})acc as Mill +( IIA-l (C- }]yb)–

Xjll Wxf + ]]J’b-Yjl/147Y,).  ‘J’hCIl,  Xb aucl Yb can bc obtained by solving the correspollciiTu3 ~llillillli~atioll
prob]elllsillxb  alld yb space, as follows:

X6 = [Wx, -{ (B-’ A)2’WYf(lr  l A ) ]- l[WX/X/ -1 (~\-”1A)7’~~Yj(}l--1c  - yj)] (lo)
Yb =- [~yf -t (A - 1~~)7’~xf ( A- 1}1)]- 1 [WYfyf -+ ( A- l}i)T’ WXj ( A- l  C - xj)] (11)

l(kqs. ( 1 0 )  ancl (11)  dcfirlc tllc itl~,ut-output  rIlal)pillgs  of tl,e forlu, Xb =-  AXxj  -t I\Xyj + IiX and
yb = AYxj + ~JYYj  + ~~y, where I<X arid If’y  a r c  coustark. ‘J’hcrefore,  by aI)~)lyirlg };qs. (7), (8) ancl
(9) of ullcertaiuty propagation to (1 O) and (1 1), we have the same result as (9) with A u AX ancl
H L. FIX or A = AY and 1~ =. I)Y

Once xf and yj are ul)dated  to xb and yb, the ul~dated vectors, x~ arid Yb, ill turrl,  irrlpose  con-
straint on the lower level proccsscs in the hicrarc]ly. ‘1’bus, the salne backward pr-opagatioll clefiucd for
c3SM call bc applied to the subscqLlcrlt  process, excc~)t that x~ alld yb are associated with U1lCCrtai  Ilty
lnatriccs.  “J’his case is equivalellt  to the ~SM ]Jroblern but  with the uncertainty of c rcl)reserltcd Lry
d:’ WcdC =- 1. in this case, xb a~!c!  yb Carl be obtained by the Sarllc way as (] O) arlci (] ] ) as if c has
no ullccrtaillty.  IIowever, ill order to conl~)utc PV~~ and V+yb, x~ a n d  yb s]iould  bc re~Jresclltec]  as  a
fuliction  of xj, y~ arid c so as to co~lsiclcr the effect of i’vC oIi l~xb ald ~~y,: Xb = AXxj  -1 llX yf -} C,’XC
allc] yb =. AYxj + .~]yyf  + <~y(?, such that ~xb al)cl PIryb  car] bc colI1l)utccl basccl on l;c]s. (7),(8), slid
(9), with [AX, BX, CX] and [AY, }]y, CY] clefinccl as JacobiaI,s.

4  E r r o r  Monit;orhg anc~ liccovery

1 llrM ant{ GM of the pcrccptiou  net ~l]ake it J)ossib]c  to I[lonitor errors, i.e., biases allcl faults, in
scrlsillg  and actiorl.  UpoJI  the identification of k)iascs aucl faults itl sc~lsi~lg  allcl action, the actiou  net
il]vokcs error recovery a~lcl rcpairlncllt  actions. In GOIIS, error lflollitoritqg  and recovery consist of
1 ) error  cletection,  2) error icle]ltificatic] ll, arlcl 3) scnsc)r calil)ratioll  and actiol~ rel)lalll)illg f o r  crrc~r
recovery and re])air)ncnt.

4 . 1  ]trror IIctmtion
ltrrors  may be dctcctccl froln tlic followirlg  i~iforllLatic,ll:

1. ‘J’lIc  c]iscre~)alicy  bctwecri  the ~)launcd  ancl ][]easurcd  states,

2. ‘J’he inconsistcl,cy  arnorlg  the iu~)ut clata of I)lJhf.



3. ‘1’he violation of constraints at ~SM.

‘1’0 clarify the meaning of cliscrepancy,  incollsistellcy,  slid violation, we need to quantitatively clefiIIc
the thresholds that separate the effect of biases ant] faults frorll that, of u[lcertainties,

‘1’IIc inconsistency among the inr)ut clata of l)IrM call be evaluated basccl 011 the cllilmoiclal relJre-
smtatio~l  of ullcertainty bou~lds:  ‘] ’he input data of I)}JM are saicl to be inconsistent if the elli JJsoiclal
u~lcertainty  bounds  of input  data have no co]nnloll i~ltersectioli. More for~nal]y,  ~hc  exiskmce of a
colnrnon  intersection among the illl)ut data, (xl, Wl), (X 2, W2), . . . . (x,,, W,, ), where W~ is the weight
~natrices associated with xi for i= 1 ,... n, call bc cvaluatecl by tile following rule:

If llX–Xi[I~z,  <1, for i = 1 ,....,11  with X :. (}; l’t’’i)-  l>;It~iX~, ‘1’llell,  tllmc exists a COtlllllO1l
ilitcrsection  alnong  t h e  ellipsoicla] u~Lcertainty bou]lds  o f  xi,  i= 1,...,~]. (ltherwisc,  tl)crc
exists no common intcrscctio~l.

SiiI]ilarly,  the violation of constrai~lt at CSh4 by z,f : (xj, yj )7’ can be cletectecl by chccki~)g whctller
tllc vector, z-+, ~b == (xb, yb)~’,  on the constraild  lnanifolcl  that l[linimizes the weightrcl  distance fro]n
~b to ~f, ll~b –  ~j IIw,, , is inside the ~ln~er~ainty ellil)soicl o f  Zf:

lf Ilzb – ZfllWxf  ~ ~, tllell,  (xj, yj) does Ilot violate the constraint, Otherwise, (xf, yj)

violates the constrail]t.

‘1’he  cliscrq~ancy  between tllc  planllcd  allcl n]easurcd states can also be detected by checki]lg  whctl]er
there is a co]nmon  intersection bctwccrl  tllc uncertaillty  cllir)sc>icls of pla~llmci ancl ]~lcasLlrc states, where
the uncmtai~[ty  ellipsoid of pla~inec] state call t.]c clctcrmincd by tile cxrwctecl Llnccrtainty involved in
plan execution.

4.2 Ijrror Identification

(JI)OII tl]e  dctcctio]l  of errors, there ncccls to iclclltify the source of errors. ~Vhcn more tha~l two i[lput
clata arc involved in IJF’M,  we call check which input  data is isolated froln the rest in ter[ns  of shari]~g
a co~nlrlor) intersection. in gellcral,  for a IIFM with lliultil,lc  iIIJ)L]t data, it is possib]c to idelltify
groul)s of input data that share a coln~lio]l  intersection (basccl on t}le rllctl]ocl  ~,rescrltcd above). ‘1’lIC

input data that belongs to the grouI) of single c)r slnall ~lunlber of Inernbers lnay be co~lsiclcred as a
likely source of error.

\Vhcn error  is clctccted ill tllc i]lput data, (xf, WXJ ) arlcl (yj, WYf ), of (2SM, wc earl cllcclc whet IIcr
x~ and yb arc insic]e the urlccrtairlty  ellipsoids of (xj, WX, ) a~ld (yj, WY,), resl)ectivcly. ‘1’hat is, if

I]xb -  xf//wv, > 1 or if [Iyb - YfllwY, > 1, tllcll  Xj or yf r[lay bc a likely source of error.
Further isolation of error sources can bc dol,c through the net hierarchy. JIy ap~)lying the al,ovc

error cletcction  ~ncthoc] to 1)11’Ms  aucl (3SMS distributeci  in tllc net, those logical scrlsors  associated with
I)lrMs  arid C%MS can be classified either likely-ill-error,  unlikely-in-error, or possibly-irl-error. “1’l~en,
tl)csc classifications arc propagated through the ~lct to cxtcnc] the classifications to other logical scrls.ors
co~)ncctcd throug]l  the llicrarchy.  ‘J’he c.ross-chcckirlg of these classificatiolls  propagated throL1gh the
rlct ]Iicrarchy provides fLlrthcr  isolation  of errors, as S} IOWII  i]] l(’i.g 3. TJ7C can extend tllc ~~roI)agation
a[ld cross- checkirlg; of classifications to t}le action net, sirlce the cliscrej)ancy  betwecll the planllccl
ancl Illcasurccl  stat)cs provides additional error detection. If the above 1)1’hf ancl ~Shl basccl error
iclcrltification  nlcthocl fail to isolate error sources, sensor ~)larll]ing or error-isolatiorl  actio~l slloulc] take
l)lacc in the action net for cotnI)letc isolation of errors,

4 . 3  k;rror  ltecovcry

OIice error sources arc isolated, tllcrl t}ie systcr[l rllust take actio~ls to rel)air tllc errors al)d to reccwcr
frc)ll]  tllc errc,rs.  ‘1’wo ty~m of actions can take I)]acc: 1 ) ~alibratiol)  of scllsors to elin)inatc  biases. 2)
l{e~)lan?ling  the actio]ls  to reach tlic dcsirccl goal state under errors. Por t,lle first, a l)rcdcfirlccl  sensor
calitxatioll routillc for tl)c scr]sor  ill error will bc illvokccl by tllc actiorl rlct, Por the sccorlcl, the actioll
rict reI]lans the task based on tllc GO1{S  ~ilociificd accordi]lg to tl)e isolatecl  errors,



5 Planetary Robotic Science Sam~ding:  Soil Scicnw
Autononlous  soil science includes the tre~lchi~lg of plalletary  soil by a robot to collect and al)alyze
sutxurfiacc soil samples, Aut,ononlous soil scic]lce is co~nposect of the following activities: trenching
site designation by scientists, visual and tactile verification of trenching site by a robot, ~)larlliillg
of optimal trenching trajectories with measured s lJropcrty, adalAivc trenching, IJlallliing  of oI)t,imal
scoopil)g trajectory, and actaptivc scooping. U1ldoubtcdly,  unccrtaitlty  tnallagc~[~clit as WC]] as error
~no~iitoring and recovery play an important role,

More details arc dcscrihccl by the following steps:

Skp 1:
Scicrltists  choose  a desirable trc~lclling locatio~l, lcIIgth slid dcI)th at the ground station
in interaction with tllc rllonitoring  system based on tlIc clowmlinked  stereo camera irtlagcs
and a Inouse-based  user i~ltcrface.

step 2:
]Vith  the starting poillt,  trenching lcrlgth and clepth data froril the ground station, GOI]S
cxlJlorcs  tllc trenching surface by means c)f touch a~ld tactile exploration with the robot
hanct in order  to accurately localize trcllchi~lg surface arid Incasure  surface rigiclity or
resistance. ‘1’hcsc  cIata are used to col]struct  the ctcsirecl trellchillg  trajectories wit]]  o~)tilnal
arln  Configurations.

Ste~J 3:
‘1’hc  artii  moves to tlie i]~itial contact poitit  and follows the preset trenching trajectories
with tile optimal arln comtlguratiolls. ‘J’rcncliillg  is startecl by cutting the soil at a l)rc-
scritxd dept,}l with a lxedcfincd mld-cffcctor  orietltation  and swath towarcls t,l)e lander .
I+kcavatcd  soil is dcpositccl  at the back e~lcl of the trc~lcl[. GOIIS responds to soil and
trenchitlg  wiriables  to meet the scicncc goals: COIN rno]litors tllc rclatiollslli~)  bctwecll
t}ie measured force and ~notioll  during trenching to detect abllclr[lalics arid cllarlge the
trcnchillg  trajectories and arlll configurations in aclaption to variations ancl abriorllalies.
GO}\S  also makes sure of obtaining tllc required scientific rllcasurements  with soil ten~j)er-
aturcs,  cuttirlg  forces, cutti]lg  spcecl, etc. ‘Jkcnchitlg continues ]Iolni:lally uilt,  il a )Jrescribed
cle~jtll is rcachccl.

step 4:
At the jmspccificd  depth,  or in tile case where soil salilplitig  is dictated by ~zOllS CILIC  to

hard soil or rock (indicated by sensors), the ar~n collects soil satnl,le  by scoo~)ilig  operations
and dc~)osits the saInl)lc  ill the l,ancler i~lstrul[le~lt  bin. GOIIS verifies that tllc arln  actually
has the soil sample in its c~lcl-cflkctor. GOIN  i]ivokcs  corrective actions, if necessary.

~’lIc  GOIJS architecture to irnplclrlcllt the above stc~x is illustrated in Figs. 6, 7

5,1 GOI)S Operations
‘J’hroug]l  tllc perception ~Ict, show]l  ill Fig. 3, GO}JS  cxI)licitly  ~]lanages  ul]certair]ties:  lJIlcertainties
associated with individual logical sclmors (depicted as circle) arc ~)rol,agatcd  through such functior,a]
Inoc]ulcs as D1’M,  l“rJ’hl (trapczoiclal  shalx), and CSh! (double hexagon). “1’hc values associated with
logical scmsors  are updatec]  through forwarcl  slid Lackward  process of rcachillg  al, ecluilibriuto  ~,oi(lt,

111 t}lc jxxccption  net, the reduction of ullccrtaillty  il] locatir)g the SCOOI)  at tllc dcsigllatec]  trcrlclling
site is highlighted by the data fusion with the joint e~lcoclers,  the stereopsis  wit]]  a lr)arkm, al]d the
tactile cxplorationj  as well as the constraint  fro]n the trellc])ing  pla]ic, in the action IIet, the tol)
lCVCI of t}lc action net of GOIIS  for soil trc]lcllirl~  aricl scoo~,illg  is sllowl]  ill Fig. 7, where actio]ls
arc cle})icted by Loxcs while states are depicted l)y (double) circles. ‘J’hc lower level c)f the action  net
includes the details of actions  defiuccl at the )lie;her level: e.g., tl]e adal)tivc  tret~cl[iIlg  state tra~lsition
IIetwcmk  in Fig. 8.

l’;xalrl~)lc: l;rror Mo~\itoring  alld ltccovcry-]

‘J’hc ar~n is colnlnandccl to ~novc tc) tllc ~mc~)laIlllecl  al)I)roacll ~)oi~lt, ‘1’llere  call occur tllc followlrl~;
two scenarios:
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1. the task is successfully cornlJlctecl, i.e., the scllsor rcadi[lg coiliciclcs
(within sornc allowecl error ral,gc)

with the JJlallllccl position

2. tllc task is riot successfully co]nplcted,  withirl t}lc ex~mcted time), i.e., the system fails to reach
thcplanticd position.

Now, we can check the act,ual cncl-cfl’ector  position  byusirig 3-l) Inarker.
II] the first case, if the 31)-lnarker rcadingcoinciclcs  with thccrlcocler  r-eaclirlg, thcll  the systcru is

in a normal operational mode, ancl data fusio~l can occur. IIowcvcr,  if tllc 31)-nlarker  rcacling  does not
coincide with the encoder rcacling,  then, we call say that either the encoder is biased or the marker
rcaclirlg (vision) is biasccl. l’hc c~lcoclcr bias can be calibrated through the arln  calibration procedure
(using a zero position or a refercllcc position ancl potclltio]neter).  Once t}ic el,coclcr bias is calit.,ratecl,
then we krlow  whether  the inconsiste)lcy  is due to the bias in ~narker reaclirlg. If so, we need to follow
tllc visiou calibratio~l  procedure.

III the SCCOIICI  case, if the 311rnarker  reading coincides with the cncoclcr  rcacling, tllcn it is likely
that the actuator or controller is in fault. In this case, the systcrl)  car) Inake a sense of that nlotion
(for individual joir,ts)  to further isolate which actuator is in error. If t}le 311-marker  readirtg  C1OCS not
coincide with the encoder reacli~lg, tile error ]I]ay be eitlicr  irl c~lcoclcr arlcl/or irl actuator ancl/or  irl
tnarker  rc.ading.  I’hlcoder  calibratio~l ancl the actuator fault isolatio~l routirlrx  are necessary for further
identification of the problem.

lkarl~plc:  Fkror Moriitorirlg ancl Itccovery-2

])uriilg  trcnclling,  the abnormal encoder rcaclirlg or irlll)cdarice  r[lcasur-c irlclicate that, the trcllc}lillg
is not  lmogrcssing well. ‘J’his may be the case wllcrc  t]lc scoop is stuck at t]lc rigicl soil or U1ldCr~; rOILlrld
rock site or the failure of adaI)tivc  irnpcclallcc co]ttrol for trcrlclling.  ‘J’he failure of aclal~tivc ilnpcclancc
control lnay come frolll actuators, cllcoclcrs, l)owcr suI)I)ly,  contrcdlers, or force sensor. ‘1’he abl}ormal
i][ll)cclarlce  rcaclings ~ncans  the violation of tllc ~)rcsct force ancl l)osition error rclationshiI).  III the
case whcrw  the inn Jeclancc nlcasurc  is norlna] but  ellcoclcr rcaclirlgs illclicatcs tile jarnrllillg  situat;[oll,
therl we apply the discrete evc~)t control  to IIlodify  tllc trcrlcllillg trajectory. In the case wllcrc  tlie
ilu~)cdancc  ~ncasure  is not norrna], t,hcm we IwrfclrllL a series c)f actiorls to idcr]tify tlie source exactly.
For insta~lcej  tllc routines for tllc calil)ratiofl  of encoclcrs,  force scllsors allcl for checking actuator
~mrforlnancc,  etc. Ilasccl on the above, tllc I)roblelIl can bc l,itl-poirltccl.
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6 Conclusion
The  proposed GOBS architecture provides a formal mechanism of integrating sensing, knowledge,
and action in real-time for intelligent robots. ‘J’he architecture emphasizes uncertainty management
as well as error monitoring and recovery such that the system can provide robots with the capability
c)f generating goal-oriented, yet robust and fault tolerant, behaviors. The proposed geometric method

for uncertainty management and error monitoring through the perception net is novel and powerful

due to its systematic method. One might find it interesting to compare it with the existing probability
network. ‘The perception net provides a more general but fc)rmal  way of accomplishing sensor fusion
and planning. ‘The proposed GORS architecture also serves as a general intelligeI1t control architecture
that can be applicable to the control of complex systems including spacecraft and power plants,

I~uture  work includes  tllecontirluous  irrlplerrlerltation ofthc GOI3S  and theevaluation of GOUSin
comparison with existing architectures, especially, in terms of the power or power-to-weight ratio of
intelligence measure introduced in the beginning of this paper.
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